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ABSTRACT 


The  PM-1A  Type  1  Serial  2  core  wee  prematurely  discharged  because 

of  increasing  fission  product  accumulation  in  the  primary  coolant  system, 

presumably  resulting  from  a  fuel  leak  of  undetermined  origin.  Fission 

product  activity  buildup  was  believed  to  be  associated  with  defects  in 

the  347  stainless  steel  cladding  on  the  tubular-shaped  fuel  consisting  of 

28  v/o  UO ,  dispersed  in  304L  stainless  steel.  The  purpose  of  the  fuel  core 

examination  was  to  locate  fuel  tube  defects  and  to  determine  the  cause (s) 

of  such  defects.  Cracks  were  found  to  penetrate  the  outer  cladding  on  high 

performance  fuel  tubes  In  regions  where  clad  stresses  and  fuel  burnup 
20  3 

^13  x  10  flsslcns/cm  )  were  at  a  maximum.  All  cracks  detected  were 
longitudinal  in  direction.  Mlcrostructural  examination  of  the  failure 
region  shewed  clad  cracks  to  be  Intergranular  in  nature,  starting  at  the 
outside  surface  of  the  cladding  and  generally  terminating  at  the  surfacA 
of  a  UCK  particle.  Also,  examination  of  stainless  steel  clad  and  fuel 
matrix  microstructure  showed  no  evidence  of  grain  boundary  precipitates 
or  fuel  matrix  cracking.  Crack  morphology  suggested  the  possibility  of 
the  cracking  being  aggr«  sted  by  some  type  of  corrosive  attack  that  was 
activated  by  stress.  On  the  strength  of  these  limited  observations  and 
their  similarity  to  defects  attributed  by  other  investigators  to  stress- 
activated  corrosion,  it  was  concluded  that  the  most  probable  cause  of 
clad  cracking  was  a  stress  accelerated  chemical  attack  of  unknown  origin. 
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INTRODUCTION 


The  PM-3A,  Type  1  Serial  2,  reactor  core  was  ordered  ahut 

down  November  13,  1964,  after  an  accumulated  lifetime  of  7165  EFPH^ 

(effective  full  power  hours).  This  represented  52.8%  of  the  core's 

design  lifetime  energy  output  (14.73  W  years).  The  core  change  was 

necessitated  by  an  increasing  fission  product  accumulation  in  the 

primary  coolant  system  presumably  resulting  from  a  fuel  leak  of 

undetermined  origin.  At  the  time  of  reactor  shutdown,  the  activity 

in  the  primary  coolant  had  Increased  by  a  factor  of  approximately 
(2) 

1000  since  the  leakage  of  fission  products  was  first  detected  in 
June,  1964,  after  4745  EFPH  of  plant  operation. 

The  fission  product  activity  buildup  was  believed  to  be 
associated  with  cracking  of  the  stainless  steel  cladding  on  the 
stainless  steel-UO^  dispersion  fuel  tubes.  In  an  attempt  to  locate 
the  cracks  and  to  determine  the  cause (s)  of  such  cracking,  the  entire 
core  was  shipped  to  the  Battelle-Colunbus  Hot  Cells  for  examination. 

The  details  and  results  of  the  examination  of  the  fuel  tubes  are  pre¬ 
sented  in  this  report.  Details  and  results  of  the  examination  of  one 
control  rod  are  presented  in  a  separate  volume  of  this  report «  Part  II. 

Work  performed  in  the  examination  of  the  PM-3A  core  was 
sponsored  by  the  Department  of  the  Navy,  Facilities  Engineering  Com¬ 
mand.  Core  operation  data  was  supplied  by  the  United  States  Naval 
Nuclear  Power  Unit. 


HISTORY 


-3A  Fual  Core  Specification!  and  Pet* 11«  of  Fuel 
Element  Construction 


i  c If lea t Iona 


(3) 

Tha  PM- 3A  Cora  la  a  cylindrical  hateroganeoua ,  light-water- 
mode rated,  highly-enriched  (93.1%)  ayatem  which  operatea  at  a  preaaure  of 
1500  pala.  Tha  cora  conaiata  of  aeven  fuel  bundles,  aix  peripheral  and 
one  can tar  bund la,  contained  in  a  core  ahroud.  The  total  number  of  ele¬ 
ments  in  tha  cora  ia  849,  with  139  in  each  peripheral  bundle  and  15  in 
the  canter  bundle.  Of  this  total  nunber,  741  are  tubular-type  fuel  ele¬ 
ments  having  a  characteristic  0.506-inch  0D  and  0.417-inch  ID  with  a 
corresponding  outjide  to  total  heat  transfer  area  ratio  of  0.548:1. 

The  tubular  fuel  elementa  are  36  inches  long  with  a  30-inch  active 
length.  The  dispersion  fuel  core,  clad  with  0.007- inch  347  stainless 
et^el  inside  and  outside,  is  0.030-inch  thick  with  28  v/o  UO^  dispersed 
in  3041  03  (U : 93 . 3X  U-235).  The  fuel  elements  and  lumped  poison  rods  are 
placed  on  a  triangular  pitch  of  0.655  inches  except  across  pllt  lines. 
Figure  1  shows  the  top  view  of  the  complete  core  as  it  appeared  in  the 
opened  shipping  cask  at  Battelie-Columbus.  Six  Y-shaped  control  rods  are 
used  to  control  the  reactivity  of  the  core.  Average  operating  core  cool¬ 
ant  temperature  was  463  F,  average  clad  surface  temperature  was  580  F, 
and  maximum  fuel  matr^,  r*ture  was  620  F. 


TE002  I  J 


FIGURE  1.  TOP  VIKA  OF  PM-)A  TYPE  I  SERIAL  Z  CORE 
AS  RECEIVE!*  AT  BAT  T  ELLE-COI.UMBUS 
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Fuel  Blement  Construction 

The  tubular  fuel  element*  for  PM  1  (Sundance)  end  PM-3A 
QfcMurdo)  were  fabricated  in  approximately  80  basic  operations  from 

(A\ 

powder  blending  to  finished  fuel  bundles.  Major  operations  in 
the  fabrication  of  the  tubular  fu-  1  elements  Included  blending  of 
U02  end  stainless  steel  powders  and  vertically  rolling  the  powders 
into  a  green  strip,  sintering  the  strip,  sheathing  the  strip  in  a 
thin  (0. 002-0. 005-inch)  clad  to  protect  it  from  the  atmosphere  and 
hot-rolling  it  to  95-97  percent  of  theoretical  density.  End  claddings 
were  welded  on  and  the  composite  formed  into  a  tube  which  was  fitted 
between  inner  and  outer  wrought  cladding  tubes.  The  assembly  was  then 
alternately  drawn  and  annealed  to  site.  For  final  dens  if ication  and 
bonding,  the  tubes  were  hot  isostaticfilly  pressed.  Then  the  tubes  were 
Inspected  and  assembled  into  bundles. 

Operational  and  Storage  History 


Irradiation  History 

The  PK-1A  power  plant  started  operation  in  May,  1962,  and  was 
shut  down  November,  1964.  The  core  accumulated  7165  effective  full 
power  hours  of  operation  at  a  nominal  power  level  of  9.5  tt/(t).  The 
average  time  integrated  thermal  neutron  flux  supported  by  the  core  was 


,u 
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about  2.6  x  10  neutrons  per  square  centimeter.  Tower  distribution 
measurements^  on  the  cold-clean  PM-3A  reference  design  core  showed 
the  average  integrated  power  in  each  fuel  cube  ranged  in  value  from 
0.87  to  1.56  times  the  core  average  power  or  a  soread  of  a  factor  of 
1.8  between  the  coolest  and  hottest  tubes.  It  was  also  demonstrated 
that  fuel  tubes  located  in  the  center  region  of  the  core  operated  at 
the  highest  power  levels  which  reached  approximately  3.28  times  the 
core  average  power.  There  was  also  some  power  peaking  along  the  sides 
of  the  Y-rod  channels  and  Y-rod  guides. 


primary  Water  Chemistry 


(6) 


Primary  vater  radioactivity  started  to  increase  during  the  June, 

1964,  operating  month  and  steadily  increased  until  reactor  shutdown  in 
November,  1964.  During  the  1964  operating  period  the  primary  system  chem¬ 
istry  control  maintained  all  parameters  within  specifications,  except  for 
the  demineralizer  decontamination  factor,  activity  levels,  and  dissolved  a 
hydrogen The  weekly  average  hydrogen  was  always  within  specifications. 
However,  the  minimum  vt'ues  reported  for  June,  July,  and  n  "ust,  1964,  were 
nearly  always  below  the  nominal  operating  minimum  of  15  cc/1  ,  but  were  never 
near  the  shutdown  limit  of  5  c^/kg,  The  use  of  ammonia  to  control  the  hydrogen 
and  there f i re  oxygen  concertrat ion,  as  well  as  pH  probably  accounts  for  some 
of  the  variations  observed. 


■  **»  rr^r  **mm  :  *‘*tZH****~«U  -».*  -  v. ■ 


The  gross  activity  level  in  the  coolant  increased  steadily  from 

mid- June  to  late  August,  1964,  where  it  appeared  to  level  off  at  about 

10  VcAnl  as  shown  in  Figure  2.  ^  a  decrease  to  about  4  x  10  ^  nc/ml 

was  observed  in  September,  but  during  October  the  activity  again  rose  to 

a  high  of  4.5  x  10  *  pc/ml  before  shutdown  in  November.  During  the  periods 

of  high  activity  the  gross  activity  was  characterized  by  a  predominance  of 

fission  products,  rather  than  the  usual  activation  and  corrosion  products. 

-3  -2 

The  gross  iodine  activity  levels  rose  from  4  x  10  to  10  p-c/ml 
and  appeared  to  level  off  in  July.  In  August,  however,  the  activity  in¬ 
creased  to  10  *  (Jic/ml  and  again  appeared  to  level  off.  The  iodine  activity 

_3 

level  decreased  during  September  to  a  low  of  4.5  x  10  before  climbing  to 
about  2.5  x  10  ^  p-c/ml  in  October.  The  decrease  in  gross  iodine  after  shut¬ 
down  in  November  was  very  slow  indicating  a  considerable  inventory  of  1-131 
in  the  system.  Only  intermittent  purification  flow  was  used  during  the  shut¬ 
down;  as  a  consequence,  the  reduction  in  coolant  activity  was  largely  the 
result  of  radioactive  decay,  rather  than  removal  by  the  demineralizer. 

The  reason  for  the  decrease  in  activity  in  September,  1964,  was 
not  readily  discernible  but  may  have  been  due  to  obtaining  a  poor  sample  as 
a  result  of  a  partially  plugged  line.  Site  personnel  reported  release  of 
some  unidentified  material  from  the  sample  lire  early  in  October.  ^ 


J 

Mi 

M 

arch 

3  15  20  25 

i 

A 

K 

prl 

5JS 

l_z 

5 

■WH 

M 

May 

2J52! 

2JS 

2 

Jum 

L  JOJ 

LI 

02 

SL. 

Ji 

us 

10.5 

10.0 

PH  9.5 

9.0 

mI 

■Mb 

r* 

7 1 

tv. 

-o 

— c 

!Xfe 

=- 

>= 

LAi 

L- 

__ 

ti 

20 

Conductivity 
u  mho /cm  >0 

- 

- 

/ 

P- 

v 

A_ 

a.. 

- 

- 

✓ 

0^ 

s 

- 

c 

4.0 

3.0 

NHjtppm)  2  0 
1.0 

" 

s; 

» 

s= 

a 

Lg 

— < 

■^C 

7T 

o- 

-c 

o- 

- 

__ 

0/ 

1 

_ 

_ 

___ 

_ 

_ 

_ 

_ 

_ 

__ 

■MM 

_ 

MM 

__ 

___ 

_ 

J 

FIGURE  2  a  PRIMARY  COOLANT  CHEMIST* 
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Demine raltzer  ^ 

A  mixed-bed  ion  exchange  demineralizer  was  provided  for  the 
primary  coolant  system  to  maintain  the  parity  of  the  water  ard  to  pre¬ 
vent  excessive  buildup  of  radioactivity.  Since  an  ammonia-based  resin 
was  one  of  the  components,  a  basic  pH  was  maintained  as  long  as  there 
was  an  exchange  of  cations  with  ammonium  ions.  The  ion  exchange  resins 
removed  radioactive  elements  from  the  water,  either  by  true  ion  exchange 
or  by  physical  retention.  The  latter  was  the  mechanism  by  which  the  bulk 
of  insoluble  corrosion  products  (crud)  was  removed  from  the  water. 

Storage  History 

The  PM-3A  reactor  was  refueled  in  December,  1964.  The  spent 
core  was  transferred  from  the  pressure  vessel  tank  to  the  storage  tank 
where  the  core  was  placed  in  the  PM-3A  shipping  cask.  Upon  unloading 
the  PM-3*  core  and  shipping  cask  from  the  storage  pool,  methanol  was 
added  to  the  cask  coolant  water  to  prevent  freezing.  Due  to  the  pas 
pressure  buildup,  the  methanol  was  later  flushed  out  of  the  cask  with 
demineralized  water.  Radioactive  cesium  and  cobalt-58  were  detected  in 
samples  of  the  methanol-water  solution  that  was  flushed  from  the  cask. 

The  core  was  stored  on-site  until  the  spring  of  1966,  when  it  was  shipped 
to  the  Batte lle-Columbus  Hot  Cell  Facility  for  examination  to  determine 
the  causc(s)  of  activity  buildup. 
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POST IRRADIATION  EXAMINATION 

The  postlrradiatlon  examination  of  the  PM-3A  core  was  directed 
toward  Identification  of  the  cause(s)  of  fission  product  leakage  from 
the  PM-3A  fuel  tubes.  A  combination  of  visual  macroexamination  for  de¬ 
fects  followed  by  metallographic  or  micros  true tural  examination  of  ap¬ 
parent  defect  areas  was  utilized  in  the  examination.  These  were  supple¬ 
mented  with  dimensional  measurements,  fuel  burnup  analysis,  gamma  scanning 
and  analysis  of  the  corrosion  products.  The  experimental  procedures  used 
in  the  examination  and  the  results  are  described  in  the  following  sections. 

Experimental  Procedures 
Unloading  and  Inspection  of  Shipping  Package 

The  PM-3A  shipping  package  was  received,  inspected,  and  dis¬ 
mantled  in  the  following  manner: 

(1)  The  PM-3A  shipping  package  was  shipped  from  Davisville, 

Rhode  Island,  to  Battelle-Columbus  Laboratories  via 
Long  Island  Nuclear  Service  Corporation,  and  arrived  at 
the  Columbus  Laboratories  the  afternoon  of  April  7,  1966. 

The  as-received  package  was  then  off-loaded  from  the 
shipping  vehicle  and  transferred  to  the  Hot  Cell  dock 


area . 
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(2)  The  shipping  package  and  associated  hardware  were 
Inspected  for  any  damage.  No  damage  was  found, 

Appendix  A. 

(3)  Temperature  measurements  were  performed  on  cask 
fins  and  body  at  several  cask  locations  before  and 
after  cask  shroud  plate  was  removed,  Appendix  A. 

(4)  Locked  compartments  (two)  were  opened;  cask  gas 
pressure  was  not  ad  and  cask  gas  and  water  samples 
were  taken.  Appendix  A. 

(5)  Remaining  pieces  of  hardware  were  removed  from  the 
shipping  package  and  cask  was  readied  for  submersion 
in  the  Hot  Cell  storage  pool. 

Hot -Cell  Storage  pool 

The  PM-3A  shipping  cask  was  unloaded  and  stored  in  a  14-foot- 
deep  by  6-foot-wide  by  12-foot-long  water-filled  storage  pool.  Softened 
well  water  was  used  to  fill  the  pool.  Chemical  analysis  of  the  softened 
water  showed  the  chloride  concentration  to  be  6.1  ppm. 

Core  Bundle  Unloading 


The  shipping  cask  lid  was  removed  after  placing  the  cask  on 
the  bottom  of  the  14-foot -deep  storage  pool.  Sixty  cadmium  rods  were 


added  to  the  core  es  a  precautionary  measure  against  criticality  contin¬ 
gencies  .  Using  the  appropriate  core  handling  tools,  the  core  handling 
fixture  (Appendix  B)  was  removed  and  the  center  bundle  and  peripheral 
bundles  Ho.  9  and  12  were  carefully  pulled  from  the  core.  A  0-400  pound 
scale  was  placed  between  a  one-ton  hand  hoist  and  the  bundle  handling  tools, 
and  the  hand  hoist  was  In  turn  connected  to  a  one-ton  electric  motor-driven 
hoist.  The  center  bundle  was  pulled  with  no  forces  exceeding  100  pounds  as 
registered  on  the  scale,  end  the  peripheral  bundles  were  pulled  with  forces 
not  exceeding  250  pounds.  Each  time  a  bundle  was  removed  from  the  core,  vis¬ 
ibility  would  be  momentarily  obstructed  by  a  small  burst  of  black  scale. 

Fuel  bundles  were  then  transferred  to  the  beta-gamma  cell  via  a  lead  trans¬ 
fer  cask.  Only  one  fuel  bundle  was  removed  from  the  core  at  one  time  and 
examined  in  the  cell.  Shielding  during  the  fuel  bundle  transfers  from  the 
pool-to-Hot  Cell  and  back  again  from  the  Hot  Cell-to-pool  was  provided  by  a 
5-lnch-thick  lead  transfer  cask  with  overall  dimensions  compatible  to  in¬ 
cell  handling.  The  transfer  cask  remained  full  of  water  during  the  trans¬ 
fers  and  during  bundle  storage  within  the  high-level  cell. 

In-Cell  Core  Bundle  Handling 

Care  was  exercised  during  all  in-cell  handling  of  the  core  bundles 
to  prevent  any  bumping  or  scraping  of  the  bundle  surface*  on  foreign 
call  hardware.  By  utilising  the  beta-gamma  cell  crane,  a  special 
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shortened  peripheral  bundle  handling  tool,  a  cable-suspended  bundle- 
carrying  tray,  and  remotely-operated  manipulator  arms,  it  was  possible 
to  place  the  peripheral  or  center  bundles  at  any  desired  location 
within  the  cell. 

In-Cell  Optical  Aids 

Stereoviewer .  Nondestructive  in-cell  macroexaminations  of 
the  fuel  bundles  were  performed  at  magnifications  up  to  12  diameters 
using  a  remotely-operated  stereoviever . 

Bor esc ope.  Macroexaminations  of  the  inner  cladding  tubes  of 
the  fuel  tubes  were  conducted  using  a  Lenox  Instrument  Company  bore sc ope 
with  circumference  viewing  head.  The  borescope  was  capable  of  penetrating 
36  inches  into  a  0.25-inch  ID  tube.  Object  magnification  through  the 
borescope  was  IX. 

Removal  and  Number lng  of  Fuel  Tubes 

Fuel  tubes  were  cut  from  fuel  bundles  12  and  C  using  a  remotely 
operated  motor  tool  driving  a  1/8- inch-thick  Norton  dry  cutoff  wheel.  Fuel 
tubes  scheduled  for  removal  were  chosen  partly  as  a  result  of  the  macro- 
examinat iona  and  partly  as  an  attempt  to  obtain  low,  medium,  and  high- 
performance  fuel  tubes  for  further  examination.  Both  peripheral  bundles 
9  and  12  (th«.  only  peripheral  bundles  examined)  exhibited  crack  indications 


on  high-performance  fuel  tube*.  Bundle  12  wee  chosen  for  destructive 
examination  only  as  e  convenience,  es  it  was  present  in  the  cell  at  the 
time  of  decision  to  proceed  with  fuel  tube  removal  operations.  Bundle  C, 
the  oenter  bundle,  was  chosen  because  it  contained  highest  performance 
fuel  tubes.  Fuel  tubes  cut  from  the  bundles  were  numbered  and  placed  in 
marked  conduit  tubing  for  reference.  Tubes  were  identified  by  two  numbers: 
the  first  nuriber  designated  the  bundle  nuaber  (i.e.,  the  Type  1,  Serial  2 
core  bundles  were  numbered  7,  8,  9,  10,  11,  12,  and  C)  and  the  second 
nuaber  designated  the  location  within  the  particular  bundle.  The  examined 
fuel  tubes  within  peripheral  bundle  12  were  arbitrarily  numbered  aa  shown 
In  Figure  3.  No  numbering  scheme  was  used  to  identify  the  fuel  tubes  within 
the  center  bundle  as  the  two  fuel  tubes  removed  from  this  bundle  were  taken 
from  equivalent  symmetry  locations  within  the  bundle. 

Fue 1  Tube  D iarae ter  Measurements 


Fuel  tube  diameter  measurements  were  made  using  a  vernier  microm¬ 
eter  accurate  to  within  ±  0.0005  inch.  Diameter  measurements  were  performed 
on  six  of  the  seven  fuel  tubes  cut  from  the  fuel  bundles. 

Fuel  Burnup  Analysis 

Uranium  burnup  analyses  were  performed  on  two  specimens  taken 
from  high-performance  fuel  tube.  One  specimen  was  taken  from  a  high- 
performance  region  of  the  fuel  tube,  and  the  other  specimen  was  taken  from 
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a  low- per forma nee  region  of  the  fuel  tube.  Each  specimen  was  a  cylindrical 
section  of  the  fuel  tube  about  1/8-in,  long.  The  specimens  were  dissolved 
and  aliquots  were  analysed  by  mass  spectrographic  techniques.  The  quantity 

235  236  9^0 

of  u  J  ,  U  ,  U  ,  if"  was  determined  and  compared  to  similar  data  from 
an  unirradiated  control  specimen.  The  burnup  was  then  calculated  from  the 
relationship: 

BU  *=  100 

where 

BU  *  w/o  U-23 j 

*  inil id  t r oichment,  U-235, 

=  final  enrichment,  U-235, 

a  - 

Fuel  Tube  Gamma  Zr  <; 


U  t-  flr)(Ej  -  Ej) 


F.”  (1  +  0-  E  ) 


Three  f i  : 7  n  ■  ,v  gamma  scanned  to  obtain  profiles  of  the  gamma 

radiation  emitted  fr  i\  1  i  romance,  average  performance,  and  low  perfor¬ 
mance  tubes.  By  c:  s  1  j i  rite  gamma  activity  plots  with  chemical  burnup 

analytical  data,  .hr  V  -  profile  along  the  tube  length  was  determined. 


Metallography 

Fourt.i.  i  r  : 

Four  of  the  fue  1  t 
maining  two  fuel  .  ' 


iii  specimens  were  cut  from  six  fuel  tubes, 
f  i  ora  peripheral  bundle  No.  12  and  the  re- 
•  it.'n  from  the  center  bundle.  The  metallographic 
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specimens  were  cut  from  the  several  fuel  tubes  using  a  motor -driven 
1/16- Inch-thick  abrasive  blade.  Figure  3  shows  the  schedule  of  abra¬ 
sive  wheel  cuts  used  in  the  sectioning  of  the  six  fuel  tubes.  No  attempt 
was  made  to  preserve  rotational  orientation  of  the  fuel  tubes  with  respect 
to  the  tubes'  longitudinal  axis. 

Metallographic  sections  were  selected  as  a  result  of  macroexam¬ 
ination  of  the  fuel  tubes.  Wheel  cuts  were  made  to  intersect  the  surface 
direction  of  crack  indications  at  right  angles,  i.e.,  transverse  sections 
were  made  for  longitudinal  crack  indications.  No  transverse  crack  indica¬ 
tions  were  detected.  Two  longitudinal  metallographic  sections  were  made 
to  represent  the  postirradiated  condition  of  the  fuel  dispersion-dead  end 
interface  at  both  ends  of  a  typical  high-performance  fuel  element. 

Polished  specimen  surfaces  were  obtained  by  (1)  gr-i  iding  through 
600-grit  silicon  carbide  paper,  (2)  rough  polishing  with  Linde  A  powder 
mixed  with  27.  Cr^O^  *n  water,  and  (3)  fine  polishing  with  Linde  A  and  B 
powder  with  water  as  a  carrier.  The  specimens  were  etched  with  a  reagent 
containing  glycerine,  nitric  acid,  end  hydrochloric  acid. 


Analysis  and  Removal  of  Scale 

A  black  scale  found  adhering  to  the  fuel  tubes  and  suspended  in 


the  shipping  cask  coolant  was  analyzed  to  establish  its  identity,  using 
radiochemical  and  X-ray  diffraction  techniques.  Attempts  were  made  to 
remove  the  adherent  scale  on  two  fuel  tubes,  using  two  different  aqueous 
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solutions.  The  first  solution  to  be  tried  consisted  of  20  grams  sulfamic 
•cid  dissolved  in  20  ml  of  deionized  water.  The  second  solution  consisted 
of  the  following: 


Concentrated  hydrochloric  acid 

Quantity 

90  ml 

Ethylene  glycol 

90  ml 

Borax 

15  gm 

Zinc  chloride 

15  gm 

Amnonium  fluoride 

15  gm 

H2° 

90  ml 

Fuel  tubes  No.  12-24  and  12-139  were  immersed  in  the  boiling  sulfamic  acid 
aolution  for  up  to  ten  minutes.  The  tubes  were  then  visually  inspected. 
Since  this  treatment  did  not  remove  the  scale,  the  fuel  tubes  were  immersed 
in  the  second  boiling  solution  for  up  to  ten  minutes,  followed  by  visual 
inspection.  The  second  solution  was  used  partly  as  an  attempt  to  remove 
the  scale  by  using  a  stronger  solution  and  partly  to  determine  whether  clad 
stresses  in  a  low-performance  tube  were  sufficient  to  activate  chloride  at¬ 


tack  to  the  clad. 
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Results 

General  Appearance  of  Core  and  Fuel  Bundles 

As  the  lid  was  removed  from  the  shipping  cask,  a  cloud  of  black 
particles  was  discharged  Into  the  pool  from  within  the  cask.  The  cloud 
eventually  dispersed  and  was  removed  via  pool  filters.  After  a  24- hour 
period,  particulate  matter  from  the  pool  water  trapped  in  the  filter  emitted 
gamma  radiation  resulting  In  a  200  MR/hr  radiation  field  at  the  outside  sur- 
face  of  the  filter  canister.  Gamma  ray  spectrometer  analysis  showed  the 
active  nuclides  to  be  Fe-59,  Co-58,  Mn-54,  Co-60,  and  Y-91.  The  top  view 
of  the  spent  core  after  removal  of  the  cask  lid  and  core  handling  fixture 
was  shown  earlier  In  Figure  1.  Black  scale  was  observed  coating  the  surface 
of  the  six  peripheral  bundles  and  center  bundle.  The  shiny  rings  which  ap¬ 
pear  on  the  top  of  several  peripheral  bundles  were  a  consequence  of  the  chaf¬ 
ing  action  between  the  peripheral  bundle  hold-down  screws  and  the  peripheral 
bundle  top  grid  plates. 

Figure  4  shows  peripheral  bundle  9  after  being  lifted  from  the 
transfer  cask  within  the  beta-gamma  cell.  Figure  5  shows  the  control  rod 
exit  end  of  the  peripheral  bundle  9.  Several  of  the  cadmium  rods,  placed 
in  the  core  as  an  added  precaution  against  criticality,  are  visible  in 
Figure  5.  Figure  6  shows  end  views  (less  control  rod)  of  peripheral  bundle 
12.  As  shown  in  the  above  photographs,  all  ccrc  bundle  exterior  surfaces 
were  coated  with  a  black  scale.  Passage  of  light  through  the  tubes  pro¬ 
vided  evidence  that  the  scale  buildup  did  not  block  any  of  the  coolant  flow 
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p««s«g«s,  Figure  6.  The  shiny  areas  on  the  fuel  tubes  shown  in  Figure  4a 
correspond  to  high-performance  regions  where  most  of  the  scale  had  flaked 
off. 

Figure  7  shows  a  photograph  of  the  center  bundle  as  it  appeared 
through  the  Cell  window.  Again  the  thick  outer  scale  had  flaked  off  in 
the  high-performance  domain  of  the  bundle. 

It  was  observed  that  the  center  bundle  appeared  to  be  twisted. 

Each  time  a  peripheral  bundle  was  removed  from  the  core  or  placed  back 
into  the  core,  the  center  bundle  had  to  be  removed.  This  added  attention 
to  the  center  bundle  may  have  produced  the  twisting. 

Visual  Examinations  of  Fuel  Tubes 

Examination  of  tube  outer  surfaces  at  6X  and  12X  magnifications 
revealed  the  presence  of  numerous  longitudinal  cracks  on  several  tubes. 

Figure  8  shows  typical  photomacrographs  of  crack  indications  and  crud  for¬ 
mation.  Figure  8a  is  a  12X  macrograph  of  several  crack  indications  detected 
on  fuel  tube  12-46,  i.e.,  bundle  12,  tube  46.  All  crack  indications  were 
located  in  the  high-performance  domain  of  fuel  tubes  toward  the  center  of 
the  core.  There  appeared  to  be  a  crud  buildup  in  the  region  adjacent  to 
the  cracks.  Crack  indications  on  fuel  tube  46,  bundle  9  are  shown  in  Figure 
8b. 

Figure  9  shows  a  6X  photomacrograph  composite  of  crack  indications 
aa  they  appeared  on  a  high-performance  region  of  fuel  tube  12-46.  Microstruc- 
tural  analysis  of  a  specimen  cut  from  this  region  of  fuel  tube  12-46  indicated 
that  the  darker  cigar-shaped  spots  depicti d  in  the  composite  outlined  inter¬ 
granular  cracks. 


FIGURE  7.  CENTER  BUNDLE  AS  IT  APPEARED  THROUGH  THE  CELL  WINDOW 
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Figure  10  shows  typical  crack  indications  and  seals  formation  on 
center  bundle  fuel  tubes.  Crack  indications  located  in  a  high-performance 
domain  of  a  center  bundle  fuel  tube  are  shown  In  Figure  10a.  The  appearance 
of  scale  in  low  performance  domains  of  center  bundle  fuel  tubes  is  shown  In 
Figure  10b,  -c ,  and  -d . 

In  general,  the  appearance  of  the  fuel  tube  surfaces  where  the 
scale  had  flaked  off  was  characterized  by  a  dull  metallic  luster.  All  crack 
indications  detected  in  the  high-performance  regions  of  the  fuel  tubes  where 
the  scale  had  flaked  off  were  longitudinal  in  direction  which  implies  that 
hoop-stresses  may  have  been  a  significant  factor  in  the  failure  mechanism. 

No  blisters  were  noted  on  the  fuel  tubes  which  were  examined.  Tooling  marks 
(longitudinal  and  spiraling  circumferential)  evidently  incorporated  into  the 
cladding  during  fuel  tube  fabrication,  were  observed  on  some  of  the  tubes. 

At  least  one  crack  appeared  to  be  associated  with  a  tooling  mark,  Figure  10a. 
While  probably  not  the  primary  cause  of  failure  in  the  fuel  tubes  such  marks 
can  act  as  stress  raisers  which  could  lead  to  premature  failure  of  otherwise 
sound  Lubes. 

Borescope  Examination  of  Fuel  Tubes 

No  indications  of  cracking  of  the  inside  cladding  were  observed 
during  borescope  e r*r i no t ion  o:  the  fuel  tubes  in  the  two  peripheral  bundles 
which  were  inspected.  With  the  exception  of  the  surfaces  located  'r.  high- 
perf  ortsancc  rigions  of  the  f uc  1  bundles,  the  inner  clad  surfaces  were  covered 
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with  a  black  oxide  scale.  The  absence  of  cracking  on  the  inner  clad  surface 
implied  that  inner  clad  stresses  were  not  of  the  same  mode  and/or  magnitude 
as  the  outer  clad  stresses. 

Fuel  Tube  Diameter  Measurements 

In  an  attempt  to  determine  relative  swelling  behavior  along  fuel 
tube  lengths,  the  outer  diameters  of  six  fuel  tubes  were  measured  at  every 
inch  of  fuel  length.  The  results  of  these  measurements  are  tabulated  in  Table 
1.  Diameters  of  fuel  tube  12-46  are  plotted  as  a  function  of  longitudinal 
position  along  the  tube  in  Figure  11.  No  attempt  was  made  to  descale  the 
fuel  tubes  before  the  diameters  were  measured  and  some  scatter  was  introduced 
to  the  data  because  of  the  nonuniform  scale  on  the  tube  surfaces.  As  mentioned 
previously,  the  black  scale  had  flaked  off  the  high-performance  regions  of  the 
fuel  tubes.  Average  measured  diameters  ranged  from  0.506  (close  to  moninal  as- 
fabricated  diameter)  at  a  position  10  m.  from  the  top  of  the  fuel  to  0.509  in. 
at  a  position  22  in.  from  the  top  of  the  fuel.  The  trend  toward  larger  diam¬ 
eters  in  the  high-performance  region  is  shown  in  Figure  11.  The  regions  of 
large  diameter  also  corresponded  to  defected  regions  suggesting  that  cracking 
of  the  clad  was  related  to  strain. 


TABLE  1.  DATA  FOR  FUEL  TUBE  DIAMETER  MEASURE' 


Dis  tance 
From  Top, 
in 


Fuel  Tube  12-102 
0°  90°  Ave , 


i 


K  1.  DATA  FOR  FUEL  TUBE  DIAMETER  MEASUREMENTS 


Tube  12-90  Fuel  Tube  12-102  Fuel  Tube  12-139  Fuel  Tube  C-2 


90° 

Ave. 

0° 

90° 

Ave . 

C° 

90° 

Ave . 

0° 

90° 

Ave. 

0.5074 

0.5077 

0.5058 

0.5096 

0.5072 

.05045 

0.5052 

0.5049 

0.5076 

0.5069 

0.5073 

0.5087 

0.5087 

0.5074 

0.5098 

0.5086 

0.5073 

0.5076 

0.5075 

0.5077 

0.5070 

0.5074' 

0.5068 

0.5076 

0.5087 

0.5087 

0.5087 

0.5076 

0.5074 

0.5075 

0.5070 

0.5065 

0.5068 

0.5069 

0.5070 

0.5088 

0.5080 

0.5080 

0.5082 

0.5072 

0.5077 

0.5066 

0.5063 

0.5065 

0.5071 

0.5071 

0.5090 

0.5086 

0.5088 

0.5071 

0.5074 

0.5073 

0.5065 

0.5064 

0.5065 

0.5075 

0.5076 

0.5090 

0.5077 

0.5084 

0.5075 

0.5073 

0.5074 

0.5064 

0.5063 

0.5064 

0.5080 

0.5079 

0.5082 

0.5066 

0.5074 

0.5072 

0.5083 

0.5078 

0.5069 

0.5065 

0.5067 

0.5086 

0.5081 

0.5072 

0.5068 

0.5070 

0.5078 

0.5076 

0.5077 

0.5068 

0.5065 

0.5067 

0.5088 

0.5082 

0.5070 

0.5068 

0.5069 

0.5079 

0.5078 

0.5079 

0.5070 

0.5068 

0.5069 

0.5080 

0.5079 

0.5070 

0.5072 

0.5071 

0.5079 

0.5076 

0.5078 

0.5069 

0.5068 

0.5069 

0.5076 

0.5075 

0.5072 

0.5073 

0.5073 

0.5082 

0.5082 

0.5082 

0.5069 

0.5070 

0.5070 

0.5078 

0.5076 

0.5078 

0.5074 

0.5076 

0.5084 

0.5089 

0.5087 

0.5069 

0.5070 

0.5070 

D.5083 

0.5082 

0.5080 

0.5072 

0.5076 

0.5088 

0.5082 

0.5085 

0.5068 

0.5069 

0.5069 

0.5082 

0.5082 

0.5081 

0.5085 

0.5083 

0.5080 

0.5080 

0.5080 

0.5071 

0.5073 

0.5072 

0.5083 

0.5085 

0,5085 

0.5083 

0.5084 

0.5086 

0.5080 

0.5083 

0.5073 

0.5077 

0.5075 

0.5088 

0.5088 

0.5086 

0.5078 

0.5082 

0.5089 

0.5080 

0.5085 

0.5080 

0.5082 

0.5081 

D.5087 

0.5088 

0.5084 

0.5079 

0.5082 

0.5083 

0.5078 

0.5081 

0.5084 

0.5093 

0.5089 

3. 5088 

0.5089 

0.5088 

0.5078 

0.5083 

0.5081 

0.5081 

0.5081 

0.5088 

0.5090 

0.5089 

5.5090 

0.5090 

0.5088 

0.5088 

0.5088 

0.5088 

0.5082 

0.5085 

0.5088 

0.5089 

0.5089 

D.5091 

0.5092 

0.5087 

0.5091 

0.5089 

0.5096 

0.5082 

0.5089 

0.5093 

0.5087 

0.5090 

5.5089 

0.5090 

0.5089 

0.5088 

0.5089 

0.5089 

0,5088 

0.5089 

0.5106 

0.5079 

0.5093 

5.5091 

0.5089 

0.5088 

0.5088 

0.5088 

0.5094 

0.5091 

0.5093 

0.5103 

0.5078 

0.5091 

5.5090 

0.5089 

0.5088 

0.5090 

0.5089 

0.5093 

0.5090 

0.5092 

0.5098 

0.5083 

0.5091 

5.5093 

0.5093 

0.5087 

0.5092 

0.5090 

0.5084 

0.5089 

0.5087 

0.5089 

0.5080 

0.5085 

5.5091 

0.5091 

0.5090 

0.5088 

0.5089 

0.5087 

0.5089 

0.5088 

0.5088 

0.5080 

0.5084 

5.5088 

0.5089 

0.5080 

0.5086 

0.5083 

0.5076 

0.5090 

0.5083 

0.5091 

0.5078 

0.5085 

5.5089 

0.5089 

0.5077 

0.5089 

0.5083 

0.5078 

0.5084 

0.5081 

0.5086 

0.5077 

0.5082 

5.5089 

0.5088 

0.5081 

0.5091 

0.5086 

0.5077 

0.5078 

0.5078 

0.5080 

0.5077 

0.5079 

5.5083 

0.5034 

0.5080 

0.5085 

0.5083 

0.5074 

0.5072 

0.5073 

0.5074 

0.5073 

0.5074 

5.5064 

0.5065 

0.5068 

0.5065 

0.5067 

0.5062 

0.5068 

0.5065 

0.5070 

0.5071 

0.5071 

v , 

\' 
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analysis  for  uranium  isotopes.  The  two  specimens  were  taken  from  the  D  end 
G  positions  of  the  fuel  tube  as  defined  in  Figure. 3.  Table  2  gives  the  re¬ 
sults  of  the  burnup  analysis.  These  burnup  data  were  used  to  calibrate  the 
fuel  element  gamma  scan  profiles  presented  in  the  next  section. 

Fuel  Tube  Gamma  Scans 

Fuel  tubes  No.  139  and  24  were  cut  from  bundle  12  and  fuel  tube 
C-2  was  cut  from  the  center  bundle.  The  fuel  tubes  were  gamma  scanned  to 
determine  fission  product  (Nb<^-Zr^)  concentration  along  the  longitudinal 
direction  of  the  fuel  tubes.  The  fuel  tube;;  were  selected  to  represent  low, 
medium,  and  high  burnups.  The  burnup  profile  of  the  fuel  tube  was  then  esti¬ 
mated  by  correlating  the  analyzed  fuel  burnup  at  a  given  location  with  the 
measured  gamma  intensity  at  that  location,  and  converting  the  gamma  inten¬ 
sity  data  to  fuel  burnup.  Figure  12  shows  the  gamma  count  rate  calibrated 
in  units  of  U-235  fissions/cc  as  a  function  of  longitudinal  position  along 
the  fuel  tube.  As  shown  in  Figure  12,  the  peak  burnups  for  all  three  fuel 
tubes  appear  to  lie  between  9  and  10  in.  from  the  bottom  end  of  the  active 

2i 

core.  The  peak  burnups  experienced  by  the  fuel  were  on  the  order  of  15  x  10 
fissions/cc.  This  burnup  occurred  in  a  region  centered  approximately  10  in. 
from  the  bottom  of  the  core  with  a  radial  expanse  including  the  center  bundle 
fuel  tubes  and  an  annulus  concentric  and  adjacent  with  the  center  hundle  con¬ 
taining  several  fuel  tubes  from  each  peripheral  bundle. 


r  -  * 
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TABLE  2.  BURNUP  OF  FUEL  TUBE  NO.  C-2 


Isotopic  Content,  Position  of  Specimen 


Spec imen 

U-234 

w/o 

U-235 

U-236 

11- 2  38 

Bur  nup , 
Fissions/cc 

From  Bottom  of  Core, 
in. 

loiili  cl  C- 10 

1.03 

93.18 

0.26 

3.53 

0 

C-2-D 

1.17 

84.80 

7.02 

7.01 

15  x  1020 

8 

C-2-G 

1.06 

91.30 

1.79 

3.83 

4.2  x  1020 

20 

Lower  end 


35 


Burnup  profile  data  shewn  in  Figure  12  for  fuel  tube  12-46  were 
obtained  by  interpolation  of  burnup  profile  data  from  neighboring  fuel 
tubes  C-2  and  12-24,  aincc  fuel  tube  12-46  was  not  gamma  scanned  before 
it  was  sectioned. 

Metallography 

The  microstructure  of  fuel  tubes  before  and  after  irradiation, 
and  after  irradiation  followed  by  treatment  in  a  chloride  solution  was 
studied  by  metal lograph ic  techniques.  The  results  of  the  metallographic 
examination  are  surmarired  in  Table  3.  Details  of  the  metallographic 
examination  are  discussed  in  the  following  sections. 

As-Fabricated  Fuel  Tube.  Micrographs  depicting  the  microstruc¬ 
ture  of  an  as-fabricated  PM-3A  fuel  tube  are  shivn  in  Figure  13.  Examina¬ 
tion  of  the  microstructure  indicated  that  the  fuel  dispersion  was  metal- 
lurgieally  bonded  to  the  cladding.  It  was  noted  that  the  grain  size  and 
orientation  was  such  that  from  3  to  6  grains  spanned  the  clad  thickness 
(about  7  mils). 

As  -  Ir  ;.)  J  i  at  ed  Fuel  Tubes.  A  schedule  o!  metallographic  Spec  i- 
e* ns  cut  from  th-  as- irrad iated  fuel  tubes  was  shown  in  Figure  3.  The  high 
performance  fuel  tube,  No.  12-46,  was  most  extensively  sectioned  for 


TABLE  3.  RESULTS  OF  «TALLOGRAPHIC  EXAMINATION  OP  FUEL  TUBES  FROM  PM- 3 A 
TYPE  1  SERIAL  2  CORE 
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metallography  to  detect  variances  in  damage  as  a  function  of  U-235  burnup. 
Six  transverse  and  two  longitudinal  sections  were  cut  from  this  fuel  ele¬ 
ment.  Two  metallographic  specimens  were  also  cut  from  high  performance 
fuel  tube  No.  12-90,  one  specimen  from  each  of  the  high  performance  tubes 
C— 1  and  C-2,  and  one  specimen  from  the  average  performance  tube  12-102. 
Figures  14  through  23  show  selected  photomicrographs  depicting  eleven 
transverse  end  two  longitudinal  metallographical  specimens  cut  from  the 
fuel  tubes. 

Figure  14  shows  results  of  clad  and  fuel  matrix  metallography, 
respectively,  for  fuel  tube  12-46.  The  following  comments  can  be  made 
concerning  the  six  metallographic  specimens  at  the  indicated  positions  for 
fuel  tube  12-46. 

1*  Position  B:  No  cracks  were  found  in  the  clad  at  this  position 
on  fuel  element  12-^  Figures  14B-1  shows  a  typical  micrograph  of  the  clad 
and  clad-fuel  matrix  interface.  *!o  damage  was  noted  to  clad  or  clad-fuel 
interface.  Depending  on  sice  and  orientation  of  grains,  between  3  to  6 
grains  spanned  the  cladding  thickness.  Figure  14B-2  shows  a  typical  micro¬ 
graph  of  a  UO^  particle.  Some  porosity  was  observed  in  the  UC^  particles  at 
this  location. 

2.  Positions  D  and  E  :  Figures  14D-1  and  14E-1  show  typical  micro¬ 
graphs  of  the  cladding  and  clad-meat  interface  at  the  D  and  E  positions  of 
fuel  element  12-46.  Discussions  of  D  and  E  positions  are  combined  because  of 
similar  results.  The  following  comments  apply  to  bo*-h  positions  on  the  fuel 
e  lenient. : 


FIGURE  14.  MICROSTRUCTURES  OBSERVED  AT  SEVERAL  POSITIONS 
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a.  About  30  cracks  were  detected  around  the  periphery  of  the 
outer  clad, 

b.  Many  cracks  (about  1/3)  were  double  at  the  outer  edge  and 
combined  into  a  single  crack  at  some  point  within  the  clad 
and  continued  as  a  single  crack  which  terminated  at  a  fuel 
par tic le. 

c.  All  cracks  detected  were  intergranular, 

d.  The  cracks  appeared  to  have  been  initiated  at  the  outside 
edge  of  the  outer  clad  since  some  smaller  cracks  were 
started  at  the  outside  edge  of  the  clad  but  terminated 
before  completely  penetrating  the  clad, 

e.  No  cracks  on  the  inner  clad  were  observed, 

f.  All  cracks  that  penetrated  the  clad  appeared  to  terminate 
at  a  UO^  particle  close  to  the  c lad-fuel  interface. 

g.  Grain  boundaries  appeared  to  be  relatively  free  of  precip¬ 
itates,  indicating  that  the  stainless  steel  was  not  sensitized. 

h.  In  some  cases,  foreign  material  appeared  in  the  cracks. 

i.  Depending  on  the  size  of  the  grains  and  their  orientation, 
the  outer  clad  varied  between  3  to  6  grains  thick. 

j.  The  fuel  dispersion  appeared  to  be  relatively  undamaged. 

k.  Clad  and  fuel  matrix  grain  size  appeared  to  be  the  same  as 
observed  in  micrographs  of  unirradiated  specimens. 

Figures  14D-2  and  14E-2  show  typical  micrographs  of  the  UC^  fuel 
particles  at  the  D  and  E  positions,  respectively.  Note  that  the  size  of 
the  porosity  in  the  UO^  particles  has  increased. 


3.  Position  F;  Figure  14F  shows  a  typical  micrograph  of 


the  clad  and  fuel  matrix  at  the  F  position  of  fuel 
element  12-46.  No  crack  in  the  cladding  was  found  to 
penetrate  completely  through  the  clad  at  this  position. 

The  micrograph  shown  represents  the  worst  clad  condi¬ 
tion  found  in  this  position. 

4.  Positions  G  and  H:  Figures  14G  and  14H  show  typical 
micrographs  of  the  cladding  and  fuel  matrix  at  the  G 
and  H  positions  of  fuel  element  12-46.  No  cracks  or 
other  damage  was  noted  to  the  cladding  or  c lad-meat 
interface  at  this  position.  Note  the  absence  of 
spherical  porosity  in  the  UO^  particles. 

Figure  15  is  a  selection  of  photomicrographs  depicting  various 
outer  clad  cracks  found  in  the  high  performance  fuel  tube  specimen  12-46-E 
Morphology  of  the  cracks  in  this  specimen  indicate  that  corrosive  attack  t 
the  cladding  may  have  played  a  role  in  inducing  clad  failure: 

1.  Branch-type  cracking  observed  in  the  fuel  tubes  is 

indicative  of  stress-activated  chemical  attack,  rather 
than  purely  mechanical  cracking.  One  example  of  branch- 
type  cracking  is  shown  in  Figure  15a, 
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2.  One  possible  explanation  to  the  loss  of  clad  material 
in  the  clad  crack  as  depicted  in  Figure  15c  is  grain 
annihilation  by  corrosive  attack.  Partial  grain  anni¬ 
hilation  is  exemplified  by  the  small  grain  located 
adjacent  to  the  cavity  which  is  almost  completely  sur¬ 
rounded  by  intergranular  attack.  Also,  the  smaller 
crack  that  neighbors  the  major  failure  is  further  evi¬ 
dence  that  corrosive  attack  was  occurring. 

Figure  16  shows  a  photomicrograph  composite  of  specimen  12-46-A, 
i.e.,  the  longitudinal  specimen  cut  from  the  lower  fuel  core-dead  end 
interfaces  of  fuel  tube  12-A6.  Microstructural  examination  of  this  region 
of  a  high-performance  fuel  tube  was  of  importance  because  fuel  bundle  fab¬ 
rication  procedures  might  have  produced  non-bonded  areas  in  this  section. 

After  inner  anu  outer  stainless  steel-clad  tubes  were  isostatically 
pressure-bonded  to  the  sheathed  UO^-stainless  cermet  tube,  both  ends  of 
the  composite  tube  were  swaged  to  a  smaller  diameter.  The  lower  tube  end 
was  then  press-fitted  into  the  fuel  bundle  lower  grid,  then  roll  expanded 
radially  for  a  tight  fit.  It  was  felt  that  the  extra  deformation  occur  ing 
in  the  lower  end  of  each  fuel  tube  could  result  in  a  loss  of  cermet-clad 
bond  integrity,  thus  allowing  an  escape  path  for  fission  products. 

No  unbonded  areas  were  found  at  or  near  this  particular  junction 
of  cermet  and  end  cladding.  In  fact,  interdiffusion  across  the  cermet  cladding- 
end  cladding  interface  was  so  complete  that  it  was  difficult  to  even  detect 
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the  interface.  Several  fuel  particles  were  observed  in  the  end  clad  region 
of  the  fuel  tube.  However,  fuel  paiticles  were  also  found  in  this  region 

/g\ 

in  unirradiated  PM  fuel  elements.  '  Evidently,  the  transport  of  the  UO^ 
particles  into  the  end  clad  region  occurred  during  tube  fabrication. 

Figure  17  shows  a  representative  photomicrograph  of  a  section  of 
the  upper  longitudinal  specimen  cut  from  the  upper  fuel  core-dead  end  inter¬ 
face  of  fuel  tube  12-46. 

Figures  18a  and  18b  represent  typical  microstructures  of  fuel 
tube  12-90.  Figure  18a  shows  a  crack  which  extends  into  the  outer  clad 
approximately  three  mils.  This  was  the  only  crack  found  on  this  specimen 
which  was  taken  from  the  high  performance  region  of  fuel  tube  12-90.  Figure 
18b  shows  the  condition  of  the  dispersion  fuel  in  the  vicinity  of  a  UO^  par¬ 
ticle.  An  indication  of  second  phase  material  was  also  observed  in  the  UO^ 
particle.  Identification  of  the  second  phase  was  not  attrmpted,  since  it 
seemed  unlikely  that  the  material  contributed  to  -lad  failure.  The  6-micron- 
thick  band  around  the  fuel  particle  piobably  reflects  the  fission  product 
recoil  range,  rather  than  interaction  between  I'O^  and  stainless  steel. 

Figures  19a  and  19b  show  micrograph*,  of  a  transverse  specimen 
taken  from  a  low  performance  region  of  ! ue )  tutu  12-90.  No  cracks  or  crack 
Indications  were  1  omul  in  the  clad  at  1 1.  i  ■  position  on  fuel  tube  12-90. 

Also  apparoi  is  the  lack  of  spherical  porosity  in  the  FO  .  A  recoil 
region  was  visible  in  the  stainless  suel  matrix  around  the  per  ip  icry  of 
the  UOj  particles,  Figure  19b. 
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Figures  20a  and  20b  are  micrographs  of  a  transverse  specimen 
taken  from  fuel  tube  12-102  at  the  E  position.  Figure  20a  shows  the  clad 
condition  at  this  position.  No  cracks  or  crack  indications  were  found  in 
the  clad  at  this  average  performance  position  on  fuel  tube  12-102.  Relatively 
large  quantities  of  fission  gas  bubbles  were  present  in  the  UO^  particles  in 
tli is  region.  Figure  20b. 

Figures  21  and  22  snow  results  of  metallography  on  two  fuel  tubes 
taken  from  the  center  bundle.  These  fuel  tubes  were  located  in  positions 
of  equal  synmetry  within  the  center  bundle.  Both  transverse  specimens  were 
cut  from  the  high  performance  region  of  both  fuel  tubes.  Figure  21  is  com¬ 
posed  of  a  photomicrograph  composite  of  specimen  C-l-E  with  higher  magnifica¬ 
tion  micrograph  inserts  depicting  selected  clad  cracks.  Note  that  there 
appears  to  be  no  preferred  pattern  as  formed  by  the  clad  crack  positions 
located  within  the  outer  clad.  Again,  cracks  were  intergranular  in  nature, 
and  limited  to  the  outer  clad  tube.  Figure  22  shows  selected  micrographs 
depicting  microstructure  of  the  specimen  taken  from  the  high  performance 
domain  of  fuel  tube  C-2,  i.e.,  specimen  C-2-E,  Figure  22a,  and  -b  are 
micrographs  of  the  same  clad  crack.  Note  that  the  crack  is  intergranular 
and  terminates  at  the  surface  of  a  UO^,  particle  resulting  in  an  open  path 
between  cooling  wat^r  and  fission  products.  Figure  22c  and  -d  illustrate 
two  more  examples  of  intergranular  cracking  terminating  on  the  surface  of 
a  U02  ^article.  Apparently  the  void  in  the  stainless  steel  matrix  caused 
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by  the  presence  of  a  UO^  particle  acts  as  a  crack  arrester.  The  stress 
concentration  at  the  crack  notch  is  reduced  significantly  when  the  crack 
notch  reaches  the  surface  of  a  UO^  particle. 

Figure  23  shows  two  photomicrograph  composites  depicting  two 
of  the  many  outer  clad  tube  cracks  detected  in  specimen  C-2-E.  Of  special 
interest  here  is  the  fact  that  some  unidentified  material  appeared  to  be 
lodged  within  the  clad  cracks,  Figure  23a  and  -b.  It  appears  that  the 
foreign  material  lodged  within  the  crack  was  one  or  both  of  the  following: 

1.  U02  that  had  extruded,  or  in  some  other  manner 
bear,  transported,  into  the  crack,  or 

2.  Products  of  stainless  steel  corrosion. 

In  an  attempt  to  identify  the  material  present  in  the  clad  cracks, 
autoradiographs  were  taken  of  metallographic  specimen  C-2-E  to  detect  the 
presence  of  uranium  alpha  activity  in  the  crack.  No  evidence  of 
uranium  alpha  activity  in  the  cracks  was  detected.  The  results  suggest 
that  the  material  was  not  alpha  active  and  hence,  is  probably  a  stainless 
steel  corrosion  product  that  formed  when  the  crack  surface  was  exposed  to 
reactor  coolant.  Furthermore,  Figure  23b  shows  that  the  foreign  material 
was  lodged  within  a  smaller  branch  crack,  the  direction  of  which  probably 
was  not  susceptible  to  an  influx  of  material  moving  out  through  the  trunk 


crack. 
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Void  Fraction  in  UO^  Particles.  The  void  fraction  in  selected 

UO^  particles  contained  in  eight  metallographic  specimens  was  measured 

(91 

after  irradiation  by  point  counting  techniques.  '  In  this  technique, 
a  systematic  array  of  points,  formed  by  the  corners  of  a  two-dimensional 
lattice,  was  placed  over  the  photomicrograph  of  a  given  UO^  particle. 

The  number  of  points  falling  over  a  void  were  then  counted.  The  vo(id 
volume  fraction  present  in  the  UC^  particle  was  calculated  by  dividing 
the  number  of  counted  points  located  over  voids  by  the  total  number  of 
points  in  the  given  area.  Table  4  gives  the  results  generated  by  the 
above  procedure. 


TABLE  A.  VOID  FRACTION  IN  U02  FUEL  PARTICLES 


Metallographic 
Spec imen 

No. 

Estimated  Burnup 
Fissions/ 
cm^  x  10*® 

UO^  Panicle  ' 
perci 

12-46-B 

6.5 

16 

12-46-D 

14.6 

24 

12-46-E 

14.8 

a  " 
d.  U 

12-46-F 

7.6 

18 

12-90-E 

14.0 

28 

12-102-E 

10.0 

20 

C-l-E 

15.1 

35 

C-2-E 

15.1 

38 
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The  fraction  of  porosity  in  the  UO^  particle  as  a  result  of 
irradiation  was  highest  in  high  performance  regions  of  the  fuel  tubes, 
indicating  that  the  fuel  volume  increase  was  greatest  in  these  regions. 

It  was  in  these  regions  that  the  clad  exhibited  the  greatest  population 
of  cracks,  indicating  that  stress  induced  in  the  cladding  as  a  result  of 
fuel  swelling  was  a  factor  in  producing  the  cracks. 

Because  of  the  possibility  that  scale  buildup  may  have  affected 
the  micrometer  measurements  of  the  tube  diameters,  the  increase  in  diam¬ 
eter  of  fuel  tube  12-46  in  the  maximum  burnup  region  was  estimated  from 
the  measured  increase  in  void  volume  in  the  I'C^  particles.  Assuming 
isotopic  swelling  of  the  fuel  and  an  initial  UC>2  fuel  particle  Jensity 
of  only  90  percent  of  theoretical,  these  estimates  indicate  that  the  fuel 
tube  diameter  increased  about  on*'  percent.  This  estimated  mere's*  is 
larger  than  the  increase  of  about  0.6  percent  calculated  from  the  diameter 
measurements . 

Chloride-Treated  Fuel  Tube.  The  cladding  of  c h lor idc - t rest "d 
fuel  tube  12-139  which  was  r"evi d  from  a  low-p  rformance  region  of  the 
core  was  me ta 1 logra ph ic a  1 ly  examined  for  cracks.  No  visual  evidenre  of 
cracking  was  observed  on  fuel  tube  12-139  prior  to  trcatrrvut.  As  shown 
in  Figure  24,  transgi anular  cracks  typical  of  ch lor idc- induced  stress- 
corrosion  cracking^^  were  found  only  in  the  outer  cladding.  The 
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difference  in  crack  morphology  gives  some  indication  that  the  inter¬ 
granular  arrarU  docketed  in  the  as- i rrad  ia ted  PM-3A  fuel  tubes  was 
not  primarily  activated  by  chloride. 


Scale  Analysis 


Exposure  of  Type  347  stainless  steel  to  high  temperature  and 
reactor  grade  water  resulted  in  the  formation  of  a  dark  oxide  surface 
film.  Breden^^  points  out  that  autoclave  and  loop  corrosion  tests 
gave  evidence  that  187.  Cr  and  Ni  stainless  steels  contributed  a  con¬ 
siderable  amount  of  corrosion  products  to  the  water. 


Physical  Character istics  of  Suspended  Scale.  The  black  crud 

burst  experienced  in  the  storage  pool  upon  opening  of  the  shipping  cask 

is  considered  typical  of  the  behavior  observed  with  pressurized  water 

(12) 

reactors  and  a  Battel  lc-C.’liirau'S  water  loop,  h  .-.p-r  ience  at  Battelle 
has  shown  that  a  newly-opened  post -operated  loop  will  discharge  a  finely 
divided  black  product  which  was  dit.t  i  nc i  •  analysis  to  be  a  !  i  .t0,  - 


t  ypo  ox  ide  . 
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Adherent-Scale,  X-Ray  Diffraction  Analysis.  X-ray  diffraction 
traces  of  scale  samples  showed  lines  appearing  at  two- theta  values  of 

0 

35.4°  and  43°  two  theta  corresponding  to  interplanar  spacings  of  2.53A 
0 

and  2.1  A,  These  interplanar  spacings  correspond  to  two  of  the  inter- 

{13) 

planar  spacings  of  mganetite,  Fe^O^. 

Suspended  Scale,  X-Ray  Spectrographic  Analysis.  Qualitative 
X-ray  spectrographic  analysis  of  a  sample  of  the  black  scale  taken  from 
the  as-received  PM-3A  shipping  cask  showed  the  presence  of  Fe,  Cr,  Ni, 
and  small  amounts  of  Cu,  Zn,  and  Pb.  No  europium  was  found.  The  trace 
amounts  of  copper,  sine  and  lead  may  have  been  introduced  into  the  system 
as  a  result  of  corrosion  of  the  brass  hardware  that  is  part  of  the  pressure 
relief  device  attached  to  the  upper  cask  plumbing. 

Nuclide  Composition  of  Scale.  Gamma  ray  spectrometer  analysis 
of  the  black  scale  taken  from  a  shipping  cask  water  sample  showed  the 
nuclides  to  be  Te^  f  Co"^,  Mn"^,  Co^,  and  Y^.  All  of  these  nuclides 

are  a  result  of  neutron  activation  of  stainless  steel  with  the  exception  of 

91 

Y  ,  which  is  a  fission  product.  Cobalt-58  is  created  by  the  (n,p)  reaction 

58 

with  the  target  nuclide  Ni  ;  Cobalt-60  is  created  by  the  (n,y)  and  (n,p) 
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reactions  with  the  target  nuclides  Co^  and  Ni^,  respectively;  iron-59 

58 

is  created  by  the  (n,y)  reaction  with  target  nuclide  Fe  ;  and  manganese-54 

54 

is  created  by  the  (n,p)  reaction  with  the  target  nuclide  Fe  #  ^11  target 

nuclides  mentioned  above  are,  of  course,  constituent  elements  in  the  core 
material  stainless  steel.  Othe  -adioactive  nuclides  are  formed  during  the 
neutron  irradiation  of  ttainless  st_*el,  but  the  four  above  nuclides  are  the 
most  plentiful,  long-lived  radioactive  nuclides. 

Scale  Color  and  Adherent  Physical  Characteristics.  All  visible 
scale  associated  with  the  PM- 3 A  core  (suspended  in  the  shipping  cask  water 
and  adhered  to  the  core  surfaces)  was  black  in  color.  Depending  on  the 
amounts  of  oxygen  dissolved  in  the  water,  aqueous  stainless  steel  corrosion 
products  may  take  on  several  colors.  Stainless  steel  18%  Cr  -  87.  Ni  systems 
in  400  F  to  600  F  water  with  low  dissolved  oxygen  content  produce  largely 
black  crystalline  magnetite  (Fe^O^).  With  higher  oxygen  concentrations, 

O/Fe^O^  is  formed  and  the  oxide  appears  reddish  brown  in  color  and  is  less 
adherent. 

The  scale  found  on  the  PM-3A  fuel  tubes  was  probably  corrosion 
product  deposition  under  radiation,  which  is  typical  in  pressurized  water 


reactors . 
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DISCUSSION 

Tbc  major  objectives  of  this  program  were  to  find  the  leaking 
:uel  tubes  and  to  determine  the  cause (s)  of  the  leaks. 

The  results  of  the  examination  indicated  that  the  fission  prod¬ 
ucts  leaked  through  numerous  intergranular  cracks  in  the  outer  clads  of 
fuel  tubes  from  the  high-performance  region  of  the  core  (toward  trie  core 
center).  These  cracks  started  on  the  outer  surface  of  the  cl~d  and  gen¬ 
erally  terminated  at  UO^  particles  near  the  fuel  dispersion-cled  interface. 

All  the  cracks  were  longitudinal,  suggesting  their  association  with  hoop 

stresses.  As  shown  in  Figure  25,  the  cracks  occurred  only  in  high-performance 

20  3 

regions  of  the  fuel  tubes  where  burnvps  exceeded  ebout  13  x  10  fissions/cm 
and  where  fuel  swelling  produced  strains  of  about  one  percent  in  the  c.’ad. 

The  cause  of  the  failure  is  not  clear.  Based  on  the  results  of  lrra 

(14  ) 

diation  tests  of  plate  specimens,  other  investigators  '  have  predicted  fail¬ 
ure  of  UO^-stainless  steel  dispersions  as  a  function  of  burnup  and  tempera¬ 
ture  as  shown  in  Figure  26.  Based  on  the  data  shown  in  Figure  26,  and  a 
20  3 

burnup  of  13  x  10  fissions/cm  and  a  surface  temperature  of  620  F,  the 
PM-3A,  Type  1  Serial  2  Core  clearly  operated  in  the  probably-s table-region  o' 
the  plot  for  this  type  oi  fuel.  Perturbations  to  heat  flow  introduced  by  the 
oxide  scale  on  the  PM-3A  fuel  tube  surfaces  may  have  raised  fuel  operating  tem 
perature  slightly  and  shifted  the  operating  point  toward  the  stable-nnstabie 
boundary.  However,  it  seems  unlikely  that  the  presence  of  the  scale  could 
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FIGURE  25  RELATIONSHIP  OF  FUEL  BURNUP,  FUEL  PIN  SWELLING  AND  VOID 
FRACTION  IN  U02  PARTICLES  TO  FORMATION  OF  CLAD  DEFECTS 
IN  FUEL  TUBE  12-46 
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FIGURE  26.  IRRADIATION  PERFORMANCE  OF  STAINLESS  STEEL-U02 
DISPERSIONS ( 14  J 
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have  raised  temperature  sufficiently  to  bring  the  operating  conditions  into 

the  non-stable  region  of  the  data  shown  in  Figure  26. 

Neutron  irradiation  is,  of  course,  known  to  significantly  reduce 

the  ductility  of  stainless  steels.  Based  on  high-strain  rate  dat“,  it  is 

difficult  to  reconcile  the  observed  cracks  in  the  PM-3A  fuel  tubes  with 

neutron  embrittlement.  At  most,  the  TM-3A  clad  received  a  total  neutron 
21 

dose  of  10  nvt.  In  short-time,  high-strain  rate  tensile  tests  at  600  F, 

Type  347  stainless  steel  specimens  Irradiated  to  neutron  exposures  greater 
than  10**  nvt,  elongated  10  to  15  percent  before  rupturing. This  elonga¬ 
tion  to  cause  rupture  is  at  least  an  order  of  magnitude  higher  than  the  cal¬ 
culated  one  percent  deformation  in  the  defected  region  of  the  outer  clad  on 

the  FM-3A  fuel  tubes.  However,  it  is  possible  that  the  cladding  ductility 

-8 

may  have  been  adversely  affected  by  the  very  low  strain  rate  (10  in. /in. /min.) 
experienced  by  the  PM-3A  outer  clad,  as  compared  to  the  high  strain  rates  used 
to  generate  the  quoted  data  on  irradiated  Type  347  stainless  steel.  Ductil¬ 
ity  of  materials  in  creep  *9  generally  lower  than  that  observed  in  short- 
time  tension  tests. 

Careful  examination  of  crack  morphology  indicated  that  chemical 
attack  may  have  played  a  role  in  crack  propagation.  Coupling  these  observa¬ 
tions  with  the  previously  mentioned  strain  dependence  of  failure  suggests 
that  clad  failure  may  have  been  induced  by  some  stress-accelerated  chemical 
attack.  Such  attack  could  not  be  attributed  to  sensitization,  since  there 
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was  no  evidence  of  grain  boundary  precipitation  In  the  clad.  The  two  common 
environmental  causes  of  stress  corrosion  in  stainless  steel  ere  chlorides  end 
caustic.  Chloride  stress-corrosion  cracking  of  austenitic  stainless  steels 
1  s  2«neri»lly  associated  with  localised  concentrations  cf  chloride  In  the 
environment.  In  this  case,  a  purely  chloride  attack  can  be  discounted  for 
two  reasons;  (1)  chloride  content  of  the  water  was  low,  and  there  was  no 
obvious  means  whereby  the  chloride  could  become  concentrated  (such  as  local¬ 
ised  boiling)  and  (2)  all  cracks  observed  were  Intergranular,  whereas  chloride 
Induced  stress-corrosion  cracks  in  non- sensitised  austenitic  stainless  steel 
are  normally  transgranular . 

Caustic  stress  corrosion  cracking  occurs  In  strong  bases  such  as 
NeOH,  KOH,  and  L10H.  The  only  known  source  of  hydroxyl  Ions  In  the  PH-3A 
reactor  coolant  was  the  NH^  used  for  pH  control.  Based  on  present  knowledge, 
ammonia  does  not  cause  stress  corrosion  cracking  of  stelnless  steels  and  thus 
would  not  be  considered  a  factor  in  the  cracking  failures  observed. 

At  lease  two  other  investigators,  Lees^^  and  Staehle,^^  have 
reported  failures  by  Intergranular  cracking  of  stainless  steel  under  environ¬ 
mental  conditions  existing  In  boiling-water  reactors.  Both  investigators 
proposed  a  chemical-mechanical  mechanism  of  failure  but  neither  investigator 
could  identify  the  chemical  factor.  On  the  other  hand,  there  has  been  con¬ 
siderable  trouble-free  operating  experience  with  stainless-steel-clad  fuels 
In  pressurised-water  reactors. 


;  UPPMaWti- 
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CONCLUSIONS 

Conclusions  reached  ee  a  result  of  the  examination  of  the  Type  1 
Serial  2  FM-3A  core  are  aa  follows. 

Fission  product  buildup  in  the  primary  reactor  coolant  resulted 
from  leakage  through  intergranular  cracks  In  the  outer  clad.  The  crack* 
started  at  the  outer  clad  surfaca  and  terminated  at  UO^  particles  in  the 
OOj-atalnless  steel  dispersion  fuel.  All  observed  cracks  were  longitu¬ 
dinal  In  direction  and  were  located  in  the  high-performance  regions  of 

fuel  tubes  located  toward  the  core  center  where  fi  1  burnup  exceeded 
20  3 

about  13  x  10  fleslons/cm  and  clad  stress  was  greatest.  It  was  not 
possible  to  positively  identify  the  cause  of  racking  because  of  the  com¬ 
plex  environmental  factors.  Neutron  eobr 'ttlement  of  the  clad  was  undoubt¬ 
edly  a  factor,  but  the  amount  of  strain  associated  with  the  failure  was 
much  lower  than  that  expected  to  cause  failure  based  on  data  available  from 
stainless  steer  irradiations.  The  additional  decrease  in  ductility  may 
have  been  due  to  the  very  low  strain  rates  (10~*  in. /in. /min.)  and  to  the 
biaxial  stresses  to  which  the  clad  was  subjected. 

However,  all  factors  considered  in  this  limited  investigation 
suggest  the  most  probable  ceuse  of  clad  cracking  was  e  stress-accelerated 
chemical  attack  of  unknown  origin. 
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FUTURE  WORK 

The  results  of  this  study,  sod  the  feet  thet  the  PM-1  end  PH-3A 
Seriel  1  Type  1  cores  ere  elso  leaking  fission  products,  indicate  thet 
some  fector  Inherent  in  the  PM- type  re sc  tor  design  or  operetion  may  be 
ceusing  the  fuel  tube  cledding  to  creek  prematurely.  This  type  of  crocking 
of  the  cled  hes  not  been  observed  in  other  pressurised  veter  reectors,  al- 
though  it  hes  occurred  in  boiling-water  reectors.  It  is  recoanended  thet 
en  experimental  program  be  initieted  to  esteblish  whether  the  creeks  ere 
ceused  by  en  operetionel  fector.  If  en  operetionel  fector  is  involved, 
the  new  core  design  just  completed  for  FBC  may  not  eliminate  the  problem. 

It  is  suggested  that  at  least  one  fuel  bundle  from  PM-1  be  exam¬ 
ined  to  determine  if  the  fission  product  release  from  this  core  is  elso 
the  result  of  intergranular  cled  cracking.  Since  this  core  operated  for 
about  15,000  hrs,  with  a  correspondingly  higher  burnup  than  the  PM-3A 
Type  1  Seriel  2  core,  it  will  be  possible  to  further  assess  the  extent 
of  fuel  swelling  and  associated  clad  strain  required  to  produce  cracks 
in  the  clad.  If  a  stress-accelerated  chemical  process  is  Involved,  the 
longer  operational  time  on  the  PM-1  core  may  produce  more  tangible  evi¬ 
dence  of  the  chemical  factors  which  are  involved. 
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APPEJOIX  A 


SHIPPING  PACKAGE  EXAMIKATIOM  AT  BATTELLB-COLOWUS 

The  following  task*  were  performed  by  Bat telle  In  regard  to 
the  PM- 3 A  shipping  package: 

(1)  Determine  cask  body  temperature 

(2)  Determine  cask  fin  temperature 

(3)  Determine  cask  water  temperature 

(4)  Determine  cask  pressure 

(5)  Determine  gamma  energy  spectrum  of  decaying  fission 
and  corrosion  products  present  in  the  cask  water 

(6)  Take  appropriate  photographs  of  the  shipping  cask 

and  associated  hardware  to  show  any  damage  or  indicate 
areas  needing  repair. 

Figure  A-l  shows  the  spent  fuel  shipping  cask  with  notation  of 
areas  of  temperature  measurement.  Measured  cask  body  and  fin  temperatures 
at  several  locations  on  the  cssk  surface  are  shown  in  Table  A-l.  Measure¬ 
ments  were  performed  with  and  without  crash  frame  and  shroud  plate  in  place. 
All  measured  temperatures  were  less  than  10eF  above  ambient  temperature 
(71°F) . 

Locked  compartments  (two)  located  on  the  upper  and  lower  side  of 
the  cask  were  opened  to  permit  access  to  the  gas  release  valve  and  water 


TABLE  A- 1 .  PM- 3 A  SHIPPING  CASK  FIN  AND  BODY  TEMPERATURES 


Location  on  Cask 
(See  Figure  A-l) 

* 

Temperature  , 

Crash  Frame  and 

Shroud  Plate  in 

Place  (F) 

Temperature**, 
Crash  Frame  and 
Shroud  Plate 
Removed  (F) 

Top  at  Body  Position  A 

81 

81 

10  inches  down  from 

Flange,  Position  B 

Body 

77 

80 

Fin-middle 

77 

78 

Fin- edge 

77 

77 

Middle  of  Cask, 

Position  C 

Body 

82 

81 

Fin-middle 

82 

J  79 

Fin-edge 

82 

79 

Bottom  of  Cask, 

Position  D 

Body 

78 

78 

Fin-middle 

78 

78 

Fin- edge 

78 

78 

Ambient  temperature  -  70  F 
Ambient  temperature  -  72  F 


A-4 

drain  plunblng.  Cask  praasure  vas  observed  to  be  13  pslg,  Figure  A-2  on 

April  12,  1966.  Cask  water  temperature  vas  determined  to  be  86.8*F.  There 

was  no  Indication  e£  increasing  cask  pressure  in  the  several  weeks  that  the 

cask  remained  sealed  at  the  Battelle  Hot  Cell  Laboratory. 

As  cask  water  samples  were  being  taken,  a  high  concentration  of 

black  scale  vas  noted  in  the  water  initially  drawn  from  the  outlet.  Table 

A-2  gives  the  calculated  specific  activities  for  the  several  radioisotopes 

found  in  the  cask  coolant.  An  X-ray  spectrographic  analysis  of  the  black 

precipitate  showed  major  constituents  to  be  Fe,  Cr,  and  N1  plus  trace  amounts 

of  C.u,  Zn,  and  Fb.  No  Eu  was  found. 

Gas  samples  were  taken  from  the  cask  void  above  the  core  and 

analysed  using  a  mass  spectrometer  and  512  channel  analyzer.  Table  A- 3 

shews  the  volume  percent  of  various  constituents  present  in  four  samples 

85 

drawn  from  the  gas  outlet  valve.  Kr  vas  the  predominant  radioactive 
isotope  present  in  the  gas  sample  investigated. 

No  damage  to  the  PH-3A  shipping  package  or  associated  hardware 
was  detected.  Figure  A-3  shows  three  photographs  of  the  shipping  package. 
Figures  A-3a  and  -b  shew  photographs  of  the  as-received  shipping  package; 
Figure  A-3c  shows  a  photograph  of  the  bare  shipping  cask  and  skid. 


FIGURE  A- 2. 
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GENERAL  PHOTOGRAPHS  SHOWING  THE  BATT*,i,LE- 
RECEIVE 1 )  CONDITION  OF  1  HE  PM-  *A  SHIPPING 
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TABU  A-3.  COMPOSITION  OP  GAS  PRESENT  IN  CASK  VOID  ABOVE  PM-3A  CORE 


Sample 

Sample  Volume,  _ _ Volume  % 


NO. 

cc-atmospheres 

co2 

Ar 

°2 

"2 

«2 

1 

A. 58 

3.83 

0.58 

3.23 

A7.8 

AA.5 

2 

A. 21 

3.80 

0.58 

3.29 

A7.9 

AA.A 

3 

3.60 

2.52 

0.59 

A. 00 

A9.3 

A3. 6 

A 

3.72 

2.3A 

0.60 

A. 10 

A9.5 

A3. 5 

A 


3.72 
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Upon  removing  Che  cask  from  the  Hot  Cell  storage  pool  and  per¬ 
forming  one  cleaning  with  the  steam  cleaner,  fission  products  adhering 

to  the  exterior  surfaces  of  the  cask  resulted  in  7000-11,000  counts  per 

2 

minute  per  100  cm  of  smearable  activity.  After  alternate  steam  claan- 

* 

Ings  and  hand  rubdovna  with  Amway  paste  cleaner,  the  smearable  counts 

too  2 

were  reduced  to  100  counts  per  minute  pe^cm  .  The  entire  outside  sur¬ 
face  of  the  cask  was  then  sprayed  with  clear  Krylon  which  reduced  the 
smearable  counts  to  background  activity.  Figure  A-A  shows  the  bare 
shipping  cask  in  the  post-cleanup  condition. 


* 


Away  Corporation,  Ada,  Kichigan. 
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APPENDIX  B 


CORE  HANDLIHG  FIXTURE 

The  ••-received  core  handling  fixture  could  not  be  locked  to  the 
core  shroud  after  being  unlocked.  In  fact,  the  fixture  cam  could  be  rotated 
a  full  360*  with  relatively  little  force.  Inspection  of  the  fixture  indi¬ 
cated  that  the  three  stainless  steel  rods  attached  to  the  cam  were  bent  to 
the  point  that  the  rod  connecting  pins  had  all  disengaged  from  their  slots 
within  the  cam.  Consequently,  the  cam  was  free  to  rotate.  Before  the  final 
closing  of  the  shipping  cask,  the  bent  locking  rods  were  removed  from  the 
core  handling  fixture,  decontaminated,  straightened,  and  placed  back  in 
their  proper  positions  within  the  fixture.  The  fixture  then  operated 
properly. 

Perhaps  also  worth  noting  here  is  the  fact  that  one  control  rod 
hold-down  screw,  located  on  the  core  handling  fixture,  was  frosen.  Appar¬ 
ently  the  screw  had  frozen  in  a  position  that  permitted  ample  distance  to 
exist  between  the  hold-down  screw  surface  and  the  control  rod  pickup  ball 
to  allow  proper  seating  of  the  fixture  on  the  core  shroud.  The  frosen  .hold¬ 
down  screw  was  located  opposite  to  the  fixture  unlocking  pin.  Since  the 
fixture  seemed  to  seat  flush  against  the  core  shroud,  no  attempt  wss  made 
to  loosen  the  frosen  screw. 
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IS  ABSTRACT 

The  PM-3A  Type  1  Serial  2  core  was  removed  from  the  reactor  because 
of  increasing  fission  product  levels  in  the  primary  coolant.  This  increase  in 
level  was  believed  associated  with  defects  in  the  347  stainless  steel  fuel 
cladding.  This  examination  was  to  locate  defects  and  determine  their  cause. 

Cracks  were  found  to  penetrate  the  outer  clad  of  the  tubular  elements  in 
high-performance  regions.  All  cracks  were  longitudinal  and  intergranular, 
generally  starting  at  the  outer  tube  surface  and  terminating  at  a  fuel  particle. 

No  evidence  of  grain  boundary  precipitates  or  fuel  matrix  cracking  was  observed. 

On  the  basis  of  crack  morphology  and  the  similarity  of  the  cracks  to 
cracks  attributed  to  stress-activated  corrosion  by  other  investigators,  it  was 
concluded  that  the m  oat  probable  cause  of  clad  cracking  was  a  stress  accelerated 
chemical  attack  of  unknown  origin. 
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